A novel on-line flow-injection liquid-phase microextraction (FI-LPME) and spectrophotometric determination of the Cu 2+ ion using trithia-9-crown-3 (TT9C3) as a sensitive and selective charge transfer complexing agent was developed. After phase segmentation by pulsating motions of a peristaltic pump, the phase separation takes place by the aid of gravitation forces. The optimum values of the pH (= 5 of phosphate buffer) and ionic strength (5 mM Na2SO4) of the solution, amount of ligand (2.0 × 10 -3 mol L -1 ), nature of the counter ion (10 mM SDS), volume of the organic solvent (150 μL), coil length (3 m) and extraction time (2 min) for an efficient extraction were determined. The calibration curve was found to be linear over a concentration range of 0.008 -4.2 μg mL -1 (R 2 = 0.9985) with a limit of detection of 0.37 ng mL -1 . The enrichment factor and relative standard deviation (n = 7) were 16 and 5.7%, respectively. Finally, the proposed method was applied to the determination of copper(II) as an impurity in the several commercial metallic salts.
Introduction
Copper is considered to be an essential micronutrient, which has a complex role in many body functions, such as hemoglobin synthesis, connective tissue development, normal function of the central nervous system, and oxidative phosphorylation. 1, 2 Furthermore, copper is an important element in many industries. 3 Thus, the selective separation and determination of Cu from a complex mixture containing other ionic species as trace impurities in different industrial, medicinal and environmental samples is of interest due to safety, health and economical points of view.
Traditional methods used for the trace analysis of Cu 2+ include flame atomic absorption spectroscopy (FAAS), 4 ,5 graphite furnace atomic absorption spectrometry (GF-AAS), 6, 7 inductively coupled plasma mass spectrometry (ICP-MS), 8 electroanalytical techniques, [9] [10] [11] [12] spectrofluorometry 13 and spectrofluorometric methods. 14, 15 Although these methods can exhibit low detection limits, they are time consuming, expensive and suffer from serious matrix interferences.
Separation and preconcentration techniques are areas of increasing interest, particularly for enhancing the inherent capabilities of analytical signals and lowering the detection limits in analytical chemistry. To achieve these aims, various techniques, including liquid-liquid extraction (LLE), 16 cloud point extraction (CPE), micelle-mediated extraction, 17 membrane extraction (i.e., ultrafiltration and dialysis), 18 and solid-phase extraction (SPE), 19 have been developed for the extraction and preconcentration of various analytes. However, trends in analytical chemistry are the development of previous methods or introducing new techniques with improved selectivity, sensitivity and also miniaturization of chemical analysis methods.
Some reports could be found in the literature on the spectrophotometric analysis of preconcentrated copper, especially those coupled with liquid-liquid extraction. These methods are attended because of their good sensitivity, simplicity, ease of automation and especially cost effectiveness. These procedures include the extraction of Cu(II) complexed with dithizone, cuprizone, 20 8-hydroxyquinoline, 21 and 1,2-naphthoquinone thiosemicarbazone. 22 However, the molar absorption coefficients for some of these complexes are commonly low, which results in reduced sensitivity of the analytical method. On the other hand, most recent reports in this area have focused on the automatic extraction of copper for its spectrophotometric determination. 23, 24 Charge-transfer complexes are supermolecules with some particular characteristics for molecular recognition functioning and spectral properties. Therefore, they have been used for the sensitive determination of various metal ions. 25 33, 34 The resulting complex is very sensitive, and shows a highly selective spectrophotometric signal for copper(II) ion determination.
Applications of flow-injection analysis (FIA) have been rapidly growing due to its simplicity and versatility, spatially for the automation of solvent microextraction. [35] [36] [37] FIA methods avoid some problems such as tedious procedures, sample contamination and the consumption of high amounts of reagent. Also, these methods are well known for enhancing the selectivity and sensitivity of the determination processes in the complex matrices. 38 These advantages are expected to greatly enhance when continuous liquid-liquid microextraction (LLME) is coupled to FIA. [39] [40] [41] [42] [43] Sequential injection analysis (SI) as a family of FIA techniques is based on the same principles: sample (and reagent) injection, controlled dispersion, and reproducible timing. However, in the SI mode, sample and reagent zones are sequentially stacked upstream from the injection valve, and subsequently mixed by reversing of the flow. Recently, this automation method has also been used extensively for analytical purposes. 44 In the present study, a sensitive flow-injection liquid-phase microextraction (FI-LPME) technique was designed for the selective spectrophotometric determination of copper(II) ion, as an impurity in several commercial metallic salts, using TT9C3 (with the chemical structure shown in Fig. 1 ) as a suitable charge-transfer complexing agent. To the best of our knowledge, there is no report on the use of LPME within an FIA system for the spectrophotometric determination of the copper(II) ion with TT9C3.
Experimental

Reagents and chemicals
Hexanol as an extracting organic solvent was obtained from Merck (Darmstadt, Germany), and used after saturation with doubly distilled deionized water. Analytical-grade sodium dodecyl sulfate (SDS) and nitrate salts of all used cations were from Merck (Darmstadt, Germany) and Fluka (Buchs, Switzerland) with the highest purity available. TT9C3 was purchased from Aldrich (Milwaukee, WI), and its 2.0 × 10 -3 mol L -1 solution was prepared by dissolving an appropriate amount of TT9C3 in hexanol. A stock solution of Cu 2+ (copper nitrate) in water was prepared and standardized by complexometeric titration with a standard solution of EDTA. A phosphate buffer of pH 5.0 was used for sample pH establishing. Doubly distilled deionized water was used throughout.
Apparatus
A JENWAY UV-Vis spectrophotometer, Model 6400, equipped with a 16-μL flow cell, was used for all spectrophotometeric measurements. The maximum absorbance for the time driving mode of the instrument software, with data pach of 0.1 s, was set at 450 nm.
The designed FIA system operates in the volume-based mode by loading a constant volume of the sample containing Cu(II), and other chemical reagents. An Ultra Lab Model pp-040p peristaltic pump (Tehran, Iran), including four lines furnished with tygon tubes, was used to propel the solutions. A Rheodyne 5041 Model 3-way valve was used for loading/extraction/ injection steps. A homemade glass column with a 5-mL inner volume, which was placed vertically after the extraction coil, was used as a phase separator in the FIA system. Hexanol as a solvent has a lower density than water. Therefore, the extraction phase is collected at the top of the phase separator. After phase separation, the organic phase consecutively crosses through the flow cell, and its related signal is recorded. The used coils were made of PTFE tube (i.d. 0.5 mm).
Flow injection procedure
A strategy similar to our recent works 44, 46 was used to develop the flow-injection liquid-phase microextraction system according to the Fig. 2 . In the present study, at first the Cu TT9C3 solution in hexanol (as the extraction solvent) was introduced as a single segment into the separation coil of an FIA manifold (coil length, 3 m; flow rate, 1.5 mL min -1 ; kept in a thermostatic bath at 35 C). Here, the isolated solvent materials started to rotate in an off-cycle mode, and segmentation of the solvent was carried out by pulsating motions of a peristaltic pump. Simultaneously, the Cu 2+ content of the sample including phosphate buffer solution at pH 5 with an ionic strength of 5 mM Na2SO4 and 10 mM SDS was encountered with the organic solvent, and quickly extracted into this phase (during 2 min). After passing the suitable extraction time, the isolated separation coil was opened and the entire processed material entered into a phase separator. After gravity phase separation, the content of phase separator was sent to a flow cell (with the flow rate of 7.5 mL min -1 ), then, the amount of Cu 2+ -TT9C3 was determined based on its charge-transfer effect. After each extraction, cleaning of the system was carried out by passing three segments (1 mL) of water, hexanol, and water, respectively.
The analytical application of the method was investigated by the determination of Cu 2+ ions as an impurity in three commercial metallic salts (zinc nitrate, cadmium nitrate and cadmium chloride (all from Merck, Darmstadt, Germany)). For this purpose, a definite amount of each salt was dissolved into 5 mL of the solution, then injected to the FI-LLME system, and the procedure was followed under the optimum conditions. The resulting signal was used for calculating the concentration of Cu 2+ as an impurity in commercial metallic salts.
Results and Discussion
Reaction chemistry
As can be seen in Fig. 3 , the absorption spectra for pure solutions of TT9C3 as ligand and copper(II) showed no considerable absorbance in the region of 350 -700 nm. However, the spectrum of the resulting charge-transfer complex showed two bands including a sharp intense band at about 450 nm and another broad, but very weak band at about 600 nm. The absorption at 600 nm is assigned to the d-d band and the S(σ) → Cu(II) charge-transfer band is observed at 450 nm. 29, 30 The presence of the charge-transfer band caused the complex to have an apple-green color.
Effect of chemical variables on FI-LPME
The effects of several chemical variables i.e., solution pH, ionic strength, and concentrations of ligand and SDS on the extraction process, were evaluated and optimized. The results showed that the absorbance of the extracted solution increased sharply with increasing pH of the test solution from 1.5 to 3.7, while passing through a more or less plateau between pH 3.7 to 6.5, and further gradually decreased at pH > 6.5. The diminished response at pH < 3.7 could be due to protonation of the sulfur donor atoms of TT9C3, and thus its competition with the extraction process of copper(II).
Thus, in subsequent experiments, the pH of solution was adjusted at 5.0 with a phosphate buffer.
The influence of the solution ionic strength on the extraction yield of copper(II) was investigated, at pH 5, by varying the sodium sulfate concentration in the range of 0.01 to 25 mM. Our finding showed that the absorbance of the organic phase increased with raising sodium sulfate content until a salt concentration of 5 mM. However, further increase of the sodium sulfate concentration resulted in a slow decrease in the absorbance. Thus, a 10 mM concentration of sodium sulfate was selected for adjusting the ionic strength of the sample solution.
Also, the influence of the hexanol volume as the organic phase, in the range of 50 -400 μL, as a function of solvent coil length was studied. It was found that the absorbance increased with increasing volume of the organic phase up 200 μL, and then decreases with further increased in the amount of organic phase. The signal intensity downfall at organic volumes larger than 200 μL would be due to dilution. Thus, 200 μL was selected as the hexanol volume for further studies.
An investigation for the effect of the TT9C3 concentration Fig. 2 Manifold of FI-LPME system, V (valve), P (pump), C (coil). revealed that the maximum extraction/absorbance efficiency could be obtained at concentrations higher than 0.25 mM of the ligand. However, a significantly higher concentration of TT9C3 (2 mM) was used for further extractions. It should be noted that the presence of an excess amount of TT9C3 not only has no adverse effect on the extraction process, but is also advantageous to the procedure in its application to efficient extraction of copper(II) in real samples.
Since the Cu 2+ -TT9C3 complex formed under the optimum experimental conditions is a positively charged species, the presence of a proper lipophilic anion is essential to accompany the charged complex in the form of an ion-pair. Thus, the effect of the SDS concentration as a counter ion on the LLE of 1 μg mL -1 copper(II) ion in the presence of 2 mM of TT9C3 was studied. It was found that an increasing concentration of the surfactant, up to about 10 mM, caused a significant increase of the absorbance, while emphasizing the predominance of an ion pairing mechanism during the extraction process. A further increase in the surfactant concentration has no significant effect on the absorbance. Thus, 10 mM of SDS was selected as the optimum concentration for further experiments.
Effect of physical variables on FI-LPME
Based on preliminary experiments performed for determining the effect of the flow rate on intensity of the spectrometeric signal, a flow rate of 1.5 mL min -1 was chosen for loading and separation steps; however, the signal recording was carried out at an optimal flow rate of 7.5 mL min -1 . Meanwhile, the influence of the sample volume via changing the separation coil length between 1 -5 m was studied. The results showed that a reaction coil length of 3 m resulted in the optimum performance.
The effect of temperature on FI-LPME of the Cu 2+ -TT9C3 complex was studied by a temperature-controlled water-bath integrated into the manifold, while the reaction coil was inserted in the water-bath. The effect of various temperatures was then investigated in the range of 10 -55 C. The results showed that the absorbance increased with temperature up to 30 C, and that a further increase in the temperature resulted in no significant change in the absorbance. Thus, a temperature of 35 C was selected in order to achieve the optimum efficiency.
In order to optimize the extraction process, the extraction time needs to be tuned. The results of the optimization procedure revealed that the absorbance was sharply increased by rising the extraction time from 30 to 120 s, and then remained more or less constant. As a result, an extraction time of 120 s was adopted to obtain the highest signal response.
Figures of merit for the proposed method
The resulting calibration graph was found to be linear over the copper concentration range of 0.008 -4.2 μg mL -1 (Fig. 4) with a regression equation of A = (0.480 ± 0.026) [Cu 2+ ] (μg mL -1 ) + (0.170 ± 0.007) and R 2 = 0.9985, where A is the absorbance. The precision obtained in terms of the percent relative standard deviation for 7 replicate measurements of a 1 μg mL -1 solution of Cu 2+ ion was 5.7%. The limit of detection, defined as CLOD = 3Sb/m, where Sb is standard deviation of six replicate blank signals and m is the slope of the calibration curve after preconcentration, 42 was found to be 0.37 ng mL -1 . An enrichment factor of 16 was obtained by aspirating the sample into a 3-m separation coil. 35 
Interference study
The influence of many potential interfering ions (i.e., NaNO3, NaCl, KCl, NaClO4, AlCl3, NaBr, Na2SO4, MgCl2, CaCl2, Pb(NO3)2, ZnSO4, Cd(NO3)2, MnSO4, NH4Cl with the ratio of interference to analyt of 4000, Ni(NO3)2, Co(NO3)2, AgNO3, Hg(NO3)2 with the ratio of interference to analyt of 1500, DDAB and urea with the ratio of interference to analyt of 1000, and Fe(NO3)3 and EDTA with the ratio of interference to analyt of 450) on the determination a 1.0 μg mL -1 level of Cu 2+ ion by the proposed method was investigated. Most of the studied foreign ions were tolerated up to 1000-fold amounts, the results being due to the fact that the complexes of TT9C3 with the interfering ions are colorless and possess no absorbance at the 300 -750 nm spectral regions. The results revealed that the recovery of Cu 2+ in the presence of excesses of all diverse ions tested was almost quantitative.
Analytical applications
The method was applied to the determination of Cu 2+ as an impurity in commercial metallic salts, zinc nitrate, cadmium nitrate and cadmium chloride. The results are summarized in Table 1 . As can be seen in the table, there is a good agreement between the values determined by the proposed method and those reported by the supplier.
Conclusions
The present study reports a novel FI-LPME designed for the highly selective and sensitive spectrophotometric determination of copper(II) ions using TT9C3 as a suitable charge-transfer complexing agent. The method is not only selective to copper(II), but also possesses a relatively wide linear response range with a very low limit of detection. In addition, the proposed flow-injection system is simple, and as a microscale extraction system, the designed flow method used only a small amount of hexanol, as an organic extraction solvent, so that its toxicity and environmental pollution is extremely low.
